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Abstract

Flame reactors are considered to be one of the most promising and versatile synthesis routes for the large-
scale production of submicron and nanosized particles. An annular co-flow type oxy-gas diffusion burner was
designed for its application in a modular flame reactor for the synthesis of nanocrystalline oxide ceramics.
The burner consisted of multiple ports for the individually regulated flow of a precursor vapour, inert gas, fuel
gas and oxidizer. The nanopowders formed during flame synthesis in the reaction chamber were collected by a
suitable set of filters. In the present study, TTIP was used as the precursor for the synthesis of nanocrystalline
TiO, and helium was used to carry the precursor vapour to the burner head. Methane and oxygen were used as
fuel and oxidizer respectively. The operating conditions were varied by systematically changing the flow rates
of the gases involved. The synthesized powders were characterized using standard techniques such as XRD,
SEM, TEM, BET etc., in order to determine the crystallite size, phase content, morphology, particle size and
degree of agglomeration. The influences of gas flow rates on the powder characteristics are discussed.
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I. Introduction gas phase processing technique for the production of

The recent importance of nanomaterials with length nanocrystalline materials is the flame synthesis method
scales well below 100 nm stem essentially from the ~ Which can be easily scaled-up to industrial levels with-
ability to access properties that are otherwise not ex-  out having to sacrifice control over the final product.
hibited by the material in its conventional or bulk form. In flame synthesis, the energy required to drive the
At such length scales a substantial proportion of the at-  chemical reactions of the precursors is obtained from
oms reside on the surface and the volumes of interfaces ~ the flame. As a result of the decomposition/pyroly-
as well as defects are significant, which result in inter- ~ sis reaction at high temperatures in the flame, atom-
esting properties and, sometimes, non-equilibrium be-  ic clusters of the product are formed which further
haviour [1-5]. Nanomaterials are typically synthesised ~ grow to nanoparticles by surface growth coagulation
cither by breaking down larger grained bulk materials  or coalescence [8]. The process parameters affect the
in the top-down approach or built up from atomic/mo-  flame characteristics which, in turn, decide the parti-
lecular precursors in the bottom-up approach. cle size, morphology and crystallinity. Hence the prop-

In the bottom-up approach, nanomaterials are com-  erties of the nanoparticles can be controlled by judi-
monly synthesized by liquid phase or gas phase routes.  cious manipulation of the process parameters [9]. The
Gas phase synthesis routes take advantage of the fact  high temperature also helps in maintaining a self-pu-
that the particles produced have better homogeneity and  rifying environment. High purity, low synthesis costs
the process times are fairly short when compared to lig-  and high production rates, along with the flexibility
uid phase synthesis methods [6,7]. A highly promising  in the production of a wide variety of nanocrystalline

and/or nanostructured materials, makes flame synthe-
* Corresponding author: tel: +91 44 22574765 sis an excellent choice among the gas phase synthesis
fax: +91 44 22574752, e-mail: ssb@jiitm.ac.in routes [10].
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Figure 1. Schematic (a) and photograph (b) of the experimental set-up used in the flame synthesis of
nanocrystalline TiO,

Titanium dioxide (TiO,) in the conventional form
has found use in many applications. However, with the
advent of nanoscience and technology, the potential of
nanocrystalline TiO, as a functional material can be
exploited further. It has been found that the function-
ality of nanostructured TiO, strongly depends on parti-
cle and crystallite size, morphology, degree of agglom-
eration and crystal structure [11,12]. Nano-crystalline
TiO, is used in photo catalysis, solar cells, water and
air purification, gas sensing and catalytic conversion.

Titania has three polymorphic forms, anatase, rutile
and brookite. Out of these different forms, anatase tita-
nia has the highest photo-catalytic ability [13,14] and
has hence been used extensively in decontamination
treatment [15].

In this paper, synthesis of nanocrystalline titania,
using a flame aerosol reactor, is described. The perfor-
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mance of an indigenously fabricated flame reactor is
demonstrated by synthesizing titania with reasonable
control in the size, phase content and morphology.

I1. Experimental

The modular flame reactor set-up primarily con-
sisted of a precursor delivery system, multi-port diffu-
sion burner within a reaction chamber, particle collec-
tion unit and vacuum generating system. A schematic
flow diagram is shown in Fig. la and the actual pho-
tograph of the experimental set-up is given in Fig. 1b.
In the present study, titanium tetra isopropoxide, TTIP
(Alfa Aesar, purity 97%) was used as the precursor for
the synthesis of nanocrystalline titania.

For the supply of precursor vapour to the burn-
er and reaction chamber, TTIP was taken in a bub-
bler unit and placed in an oil bath maintained at a tem-

b)
Figure 2. Schematic (a) and photograph (b) of the diffusion burner used in the flame synthesis
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Table 1. Flow parameters used for flame synthesis of nanocrystalline titania

Helium flow [slm]

Oxygen flow [slm]

Methane flow [sccm]

2 3 10

15 20 20 40 60 80

perature of 125 °C. Helium was used as a carrier gas
to transport the precursor to the burner. Methane was
used as the fuel for generating the flame along with ox-
ygen. The flow rates of all the gases into the reaction
chamber were precisely regulated using suitable ther-
mal mass flow controllers (MKS make).

The reaction chamber was made from stainless
steel capable of being hermetically sealed and provid-
ed with glass view-ports. The vertically positioned reac-
tion chamber consisted of a multi-port co-flow diffusion
burner at the bottom. A schematic of the diffusion burn-
er is given in Fig. 2a and an actual photograph is pre-
sented in Fig. 2b. Figure 2a also gives the locations at
which the different gases were admitted into the burn-
er. The carrier gas with precursor vapour was passed
through the central tube of the burner where it decom-
posed/pyrolysed and resulted in the production of tita-
nia particles. The present burner configuration enabled
independent control of the flow rates of each gas.

For the establishment of a flame at the burner head,
a spark generator was used by positioning an elec-
trode directly over the burner head, which was retract-
ed once the flame was established. The titania particles
produced from the pyrolysis reaction of the TTIP in
the flame [16—19] were trapped by the filter unit array
in the particle collector unit. To maintain a constant
flow of gases and reaction products from the reaction
chamber to the particle collector unit, a vacuum pump
(PVR make, 65 m*/min capacity) was used.

During the actual experimental studies, the precur-
sor flow was started only after the flame had stabilised.
Systematically varying gas flow rates as shown in Ta-
ble 1 were used in this study for the synthesis of nano-
crystalline titania.

After the conclusion of the experiment, the titania
particles were collected from the filter and characterized.
The crystallinity and phase of the titania particles were
confirmed by X-ray diffraction, XRD (make Brucker D)
using Cu Ka (1.54 A) radiation. The anatase and rutile
phase contents of the powder were calculated by analys-
ing the intensities of anatase 101 peak at 26 = 25.5° and
rutile 110 peak at 260 = 27.5°. The anatase fraction (F))
was found by the following equation [20]:

1
140874
IR
where /, is the intensity of the 101 peak of anatase and
1, is the intensity of the 110 peak of rutile.

F,=100- 100

(M
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The crystallite size L was calculated from the full
width at half maximum (FWHM) of the anatase 101
peak using Scherrer’s formula:

L=Ki(Bcost)=d.,, )

where 4 is the wavelength of X-ray used, K is 0.9 and
is the FWHM. The above method can be applied to cal-
culate crystallite sizes well below100 nm [21].

The specific surface area of the powder was mea-
sured by nitrogen adsorption following a BET (Brunau-
er-Emmett-Teller) approach. Assuming mono-disperse
uniform particles, the average effective particle size
d,,.. was calculated using the formula:

d,, =6/Sp 3)

where S is the specific surface area and p is the theoret-
ical density. Assuming that the crystallites and particles
to be nearly spherical in shape, the degree of agglomer-
ation N was found by the equation [18,19,22]:

3
_dser

E
d’ xrp

N “4)

III. Results and discussion

The powders collected from the filter assembly of
the particle collector unit were brilliant white in colour
and very flufty, suggesting a low degree of agglomer-
ation. XRD analyses of the powders synthesised un-
der all the processing conditions revealed them to be
pure titania, predominantly in the anatase form. In some
cases a small quantity of rutile could be discerned. The
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Figure 3. XRD pattern of nanocrystalline TiO, synthesised
with flow rates of He at 2 slm, CH, at 40 sccm and
0, at 10 slm
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Table 2. Effect of varying flow parameters on particle size and degree of agglomeration
in flame synthesis of nanocrystalline titania

He flow rate O, flow rate Specific surface area

d d

Intensity [a.u.]

Size [nm]

[slm] [slm] [m%/g] [nm] [nm] N=d il
1 10 30 53 38 2.7
2 10 32 48 34 2.8
3 10 60 26 16 4.2
4 10 116 16 10 4.1
1 15 26 62 50 1.9
2 15 31 51 38 2.4
3 15 50 32 21 3.5
4 15 100 19 12 3.9
1 20 24 66 58 1.4
2 20 29 55 46 1.7
3 20 37 43 30 2.9
4 20 90 21 14 33
— e broad nature of the peaks in all the X-ray diffractograms
= R - Rutile suggested ultra-fine crystallite sizes in the nanometric
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Figure 4. XRD patterns of nanocrystalline TiO,

synthesised with He at 2 slm, CH, at 40 sccm
and varying O, flow rates
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Figure 5. Variation in size of nanocrystalline TiO,

synthesised with He at 2 slm, CH, at 40 sccm
and varying O, flow rates
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range. An example is provided as Fig. 3 in case of the
powder synthesised at He flow rate of 2 slm, CH, flow
rate of 40 sccm and O, flow rate of 10 slm.

The crystallite sizes calculated from the XRD pat-
terns and the specific surface areas obtained from the ni-
trogen adsorption studies are given in Table 2. From the
comparable values of d,, and d,, , it is quite evident that
the synthesized powder is non-agglomerated in nature.

It can be seen that at constant carrier and fuel gas flow
rates, an increase in the oxygen flow rate resulted in an
increase in the rutile content of the powder. This is de-
picted in Fig. 4 where the carrier and fuel gas flow rates
were maintained constant at 2 slm and 40 sccm respec-
tively while the oxygen flow rate was systematically var-
ied from 5 to 20 slm. The corresponding crystallite and
particle sizes also increased when the oxygen flow rate
was increased. On the other hand, the degree of agglom-
eration showed a reversed trend with increasing oxygen
flow rate. The influence of increasing oxygen flow rate
on the crystallite and particle size is depicted in Fig. 5.

Wegner and Pratsinis [23] and Sunsap et al. [24]
found that the particle sizes reduced with increased
oxygen flow rates while Maddler et al. [25] and Jang
and Kim [26] reported that the particle sizes increased
at oxygen flow rates greater than 3 slm. In the pres-
ent study the trends in the particle and crystallite sizes
were attributed to the increase in the flame temperature
due to the higher oxygen flow rate. In non-equilibrium
processes such as flame reactions, the oxygen require-
ment is well above the stoichiometric value and, in the
present case, the flame is “fuel-rich”. Therefore, an in-
crease in the oxygen flow rate resulted in a more oxidis-
ing environment, which led to a higher flame tempera-
ture. The higher temperatures subsequently resulted in
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s A - Anatase larger crystallite and particle sizes. However, the impact

< R - Rutile of an increase in temperature was greater on the crystal-

lite size when compared to the particle size because par-

ticle growth required coagulation and sintering between

separate particles whereas crystallite growth was easily

favoured within a particle (which is composed of crys-

3sim tallites in direct contact with each other). Hence, the de-

gree of agglomeration dropped marginally as the tem-

perature increased. This is evident from Fig. 5 as the

L0 difference between the particle size and the crystallite

size progressively reduced with increase in oxygen flow

n 1 Y 1 sim rate. In addition, the higher temperatures favoured the

20 30 40 50 60 70 80 90 anatase to rutile transformation and so, the rutile con-
20 [ tent increased with increasing oxygen flow rates.

An increase in the carrier gas flow rate at constant

fuel and oxygen gas flow rates resulted in a decrease in

4 slm
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Figure 6. XRD patterns of nanocrystalline TiO, synthesised
at a constant CH, flow rate of 40 sccm, O, flow rate of

10 slm under varying He flow rates the crystallite and particle sizes, but marginal increase

70 il in degree of agglomeration. Figure 6 shows the diffrac-

] —=— O, Flow 10 sim tograms of TiO,, synthesized at constant methane flow

— 604 —e— O, Flow 15 sIm rate of 40 sccm and oxidizer flow rate of 10 slm with
£ —4— O, Flow 20 sim the carrier gas (He) flow rates varying from 1 to 4 slm.
I_‘E 50 The observed trends in the crystallite and particle siz-
&£ 1 § es were explained in terms of the residence time of the
Q 401 particle within the flame. Although an increase in the car-

» ] rier gas flow rate led to an increase in the concentration
% o i of the precursor, it also resulted in a significant decrease

E - in the residence time of the particles in the flame. This

o . decrease in the residence time suppressed both crystal-

10_' lite and particle growth and as a result, smaller sizes were

obtained. On the other hand, the increased concentration

10 15 20 25 30 35 40 of the precursor with increasing carrier gas flow rate led

Carrier Gas Flow [sIm] to the generation of a greater number of primary particles

Figure 7. Variation of the particle size of nanocrystalline of titania in the flame. This, in turn, resulted in more col-

TiO, with carrier gas flow rate at different constant lisions and contact between the primary particles and in-

oxygen flow rates creased the possibility of forming soft and hard agglom-
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Figure 8. SEM (a) and TEM (b) images of nanocrystalline TiO, synthesised with flow rates of He at 2slm,
CH, at 40 sccm and O, at 10 slm
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Table 3. Mean particle size and standard deviation of flame synthesized nanocrystalline titania

He flow rate CH, flow rate O, flow rate Geo. mean diameter Geo. standard
[slm] [scem] [slm] [nm] deviation
1 40 10 49 1.006
2 40 10 44 1.032
3 40 10 23 1.018
4 40 10 17 1.102
1 40 20 60 1.121
2 40 20 51 1.001
3 40 20 37 1.048
4 40 20 19 1.021

Figure 9. HRTEM image of nanocrystalline TiO, synthesised
with flow rates of He at 3 sim, CH, at 40 sccm and

0O, at 10 slm
40
1 Geo.Mean =44 nm
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Figure 10. Particle size distribution of nanocrystalline
TiO, synthesised with flow rates of He at 2 slm,
CH, at 40 sccm and O, at 10 slm

erates through coagulation. However, the decrease in the
residence time offset the possibility of forming larger
particles through complete sintering and hence the de-
gree of agglomeration increased marginally with increase
in the carrier gas flow rate. The variation of the particle
size as a function of the carrier gas flow rate at three dif-
ferent oxygen flow rates is depicted in Fig. 7.

The morphology of the as-synthesized TiO, particles
was found to be completely spherical in case of all the
processing conditions. An example is presented as Fig.
8a in the form of an SEM image (FEI Quanta 3D). Al-
though some light aggregates of the smaller spherical
particles can be seen, most of the particles are of reably
uniform size. It is well known that temperature, resi-
dence time and reaction kinetics affect the particle mor-
phology during flame synthesis. In general, if the rate
of sintering or coalescence of particles is slower than
the rate of collision of particles, then agglomerated par-
ticles are formed. On the other hand, if the sintering or
coalescence rate is faster than the rate of collisions, then
regularly shaped spherical particles are formed [27-29].

For detailed analysis of the particle size, morpholo-
gy and size distribution, transmission electron microsco-
py (FEI Technai 20F) was carried out. The TEM images
confirmed the ultra-fine sizes, spherical morphology and
non-agglomerated nature of the powders (see, for exam-
ple, Fig. 8b). A high resolution TEM image of a particle
(Fig. 9) reveals the presence of lattice fringes right up to
the edge of the particle indicating a high degree of crys-
tallinity and absence of any amorphous content.

Histograms describing the particle size distributions
of the as-synthesized TiO, powders were made from
TEM images. For each of the histograms a distribution
function was “fitted” which gave an idea of the type of
distribution. For the powder synthesized at a He flow
rate of 2 slm, methane flow rate of 40 sccm and oxygen
flow rate of 10 slm, the particle distribution histogram is
given in Fig. 10. It can be seen that the size distribution
is mono-modal, fairly narrow and follows a lognormal
pattern. Table 3 gives the mean particle size and stan-
dard deviations of the powders synthesized under dif-
ferent processing conditions.
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IV. Conclusions

A modular and versatile flame reactor set-up was
developed for the controlled production of nanocrystal-
line ceramic oxides. Synthesis of nanocrystalline TiO,
powder was successfully carried out by the oxidation/
decomposition/pyrolysis of a metal organic precursor,
TTIP. The as-synthesised powders were found to be
predominantly in the anatase form with little or no ru-
tile content. By systematically varying the process pa-
rameters such as carrier gas and oxygen flow rates, a
fair degree of the control could be established on the ru-
tile content, crystallite size, particle size and the degree
of agglomeration in the final product. In all the cases
studied, the as-synthesised nanoparticles were found to
have a spherical morphology with a fairly narrow size
distribution.
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